the use of general hypothermia for experimental intracardiac surgery, it was observed that complete standstill of the heart occurred quite frequently at very low body temperature. It was also noted that application of a stimulus, whether electrical or mechanical in character, to the region of the sinoauricular node resulted in the production of normally appearing expulsive beats.
An attempt was made to develop a technic whereby frequent regular electrical stimuli of required strength and character could be applied to the sino-auricular nodal area to act as an artificial pacemaker, which might permit control of heart action for prolonged periods after cardiac arrest.
In this study such an artificial pacemaker has been used for cardiac arrest in dogs at low body temperature. Our interest has been extended to the application of this principle in the control of heart action at normal body temperature. The only type of cardiac arrest which it was thought would provide a situation whereby artificial pacemaker activity could be demonstrated was * Financed by a grant from the Defense Research Board of Canada. Submitted for publication February, 1951 . We are indebted to Mr. J. A. Hopps of the Electrical Division of the National Research Council of Canada for guidance in the electrical features of the work; to Dr. John McBirmie for his co-operation; to Mr. Donald Hughes for his laboratory assistance; and to Louise Gordon and the Medical Arts Department at Sunnybrook Hospital for the illustrations. We would like to thank Professor R. M. Janes for his interest and co-operation in this investigation.
that due to cessation of impulse formation from the sino-auricular node without the severe conduction changes occurring in postmortem or terminal hearts. Preliminary unsuccessful attempts to produce artificial heart action in postmortem dog and rabbit hearts supported this view.
In the development of a technic to produce experimental cardiac arrest at normal body temperature, attempts were made to locally obliterate the normal sino-auricular nodal action. Such devices as excision, trauma, infiltration with chemicals and the application of cold solutions proved, as reported by Sherf,2 to be difficult procedures and unsatisfactory for this study.
Rothberger and Winterberg,3 in 1911, demonstrated that right vagus nerve stimulation in the neck of a dog usually produced standstill of the heart. It is described as rather selective inhibition of the sinoauricular nodal activity with little or no effect on conduction.4 This, then, would provide a brief standstill but one of sufficient duration to permit the introduction of beats from an artificial electrical stimulus. It was thought also that this would simulate most closely the standstill of the heart occurring clinically during operative procedures. Pratt,5 in 1924, Fig. 2 ). This was further developed, and is pictured in Figure 4 .
The electrical source was a Thyratron physiologic stimulator capable of delivering single impulses that could be easily controlled as to pulse pattern, pulse duration, pulse delay and frequency. A Grass Model SC stimulator* was found to be satisfactory, * Grass Instrument Co., Quincy, Mass., U.S.A. When the heart stopped the blood pressure immediately fell to low levels, averaging 40 to 50 mm. Hg. (see Fig. 5 ). As the heart escaped and commenced beating, the blood pressure rapidly rose to a temporary level well above that before the standstill, because of the anoxia that had developed.
During this period of standstill of the heart, artificial beats could be produced in all animals. In the six dogs in whom blood pressure recordings were made, average rises to 110-140 mm. of Hg. from initial levels of 40-50 mm. Hg. occurred with each artificial beat (see Fig. 6 ). Fig. 7 ).
In eight animals (five dogs and three rabbits), after repeated experimentation, the heart rate had dropped to slower than their usual normal rates (70 to 120 beats a minute). By artificial pacemaker regulation the heart action could be controlled at a faster rate up to 200 a minute (see Fig. 11 The experiment was then reversed, with the heart controlled completely by the artificial pacemaker at the normal or at a faster rate, and the right vagus was stimulated in the usual manner. Little or no decrease in rate or fall in blood pressure resulted from the stimulation of the nerve until the artificial control was shut off. With the continuing vagal influence, the blood pressure immediately fell to low levels (see Fig. 12 ). This was repeated as many as five times on With the heart under complete artificial control, using the intravenous electrode, tests were carried out to determine the proximity to the sino-auricular node required for control. When the electrode was greater than three quarters of an inch above the nodal area, control ceased completely and could not be effected even by raising the voltage used. A similar distance was found to be the outer limit on passing the electrode below the sino-auricular node.
The two-point electrode gave the best control, using the internal application via the external jugular vein and superior vena cava. No complications were observed from this method.
A very transient auricular fibrillation was observed when the lower portion of the atria were being explored by the external stimulating electrode during the early studies. The fibrillation in both cases ceased immediately upon removing the electrode and applying it properly to the sino-auricular nodal region.
When the intravenous pacemaker electrode was in place in the superior vena cava it could be determined easily whether the electrical circuit was functioning. The elec-FIG. 9.-Smoked drum tracing of application of the artificial pacemaker to a normally beating heart at a rate slower than its spontaneous rate. Note increase in pulse pressure due to increase in time for filling at the slower rate.
FIG. 10.-A smoked drum record of the effect on the heart rate and blood pressure of applying the artificial pacemaker, set at 180 a minute, to a heart spontaneously beating poorly at 90 a minute. Note the immediate rise in the heart rate and blood pressure, as well as the general improvement as a result of the procedure, shown at the right end of the record .
FIG When applied to a normally beating heart at normal or slower rates than usual, the artificial pacemaker quite easily takes over heart action and a slower or more rapid rate may be produced. In these experiments upon the beating heart the blood pressure has been raised or maintained. This is worth further study as a means of improving temporarily inefficient heart action.
With growing interest by many workers in intracardiac procedures,20-22 the problems of arrythmias, ventricular fibrillation and cardiac arrest become more prominent, and with them a greater need for the investigation of methods of control of heart beat. SUMMARY 1. A technic for applying an artificial pacemaker to the hearts of dogs and rabbits has been described. 2 . Two methods of application, one externally and the other internally via an electrode in the superior vena cava, have been used successfully.
3. Control of heart action by an electrical artificial pacemaker has been possible in 11 dogs cooled to low body temperature during standstill or extreme slowing of the heart. 4 . At normal body temperature, brief arrest of the heart has been produced in 13 dogs and nine rabbits by right vagal stimulation. During this period of standstill, beats of good expulsive force have been produced. 5 . It has been possible in hearts beating at normal or at reduced rates, to take over control of heart action by impulses from an electrical artificial pacemaker and to increase or decrease the heart rate at will.
6. The application of the artificial pacemaker has proved a relatively safe pro-16 Number 1 cedure. The possible clinical applications have been suggested.
CONCLUSIONS
It is possible to create good expulsive beats of the heart by applying electrical impulses to the region of the sino-auricular node during cardiac arrest, both at low and at normal body temperature.
It is also possible to take over control from the normal pacemaker in a heart beating spontaneously at a normal rate and to maintain thereafter a new rate either faster or slower than the original normal. This is a safe procedure in animals and allows complete control of heart action and successfully maintains blood pressure.
